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a  b  s  t  r  a  c  t
In this study, the effect of the step drill’s geometries such as step angle, step size and cut-
ting  parameters such as feed and spindle speed on the exit burr height was investigated
for  burr minimization in drilling of Al–Gr composites which are fabricated through squeeze
casting  method. The experimental study was conducted as per the L27 orthogonal array of
Taguchi method to ﬁnd the optimum drilling parameters, and analysis of variance (ANOVA)
was  performed to investigate the inﬂuence of parameters on the burr height of compos-
ites  during drilling. Conﬁrmation tests were conducted to validate the test results. Results
revealed  that feed, step angle, step size and spindle speed were the signiﬁcant parameters
in  the formation of exit burr.Burr
Step  drill
© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora  Ltda. 
facturing cost by 20% and requires a signiﬁcant amount of
Este é um artigo Open Access sob a licença de CC BY-NC-NDTaguchi
1.  Introduction
Metal Matrix Composites (MMCs) have emerged as a potential
material  particularly for automotive and aerospace indus-
tries.  Since the demands on performance and functionality
of  components are increasing rapidly, the machining param-
eters  have to be optimized in order to attain the good surface
quality.  Burr is an unwanted projection of material as a result
of  plastic deformation during drilling operation. Burrs could
create  many  problems during assembling and inspection of
precision  components. Moreover it degrades the performance
of  precision parts. Burrs would lead to blockage of critical pas-
sages  in pneumatic, hydraulic and electronic circuits, which
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Este é umwould cause serious problems during service. Entrance and
exit  burrs are produced during the drilling of every hole. The
entrance  burr which is generally smaller than the exit burr
can  be removed easily by chamfering the hole. On the other
hand  the exit burr is of prime importance due to the difﬁ-
culty  in removing it. If the burr is formed inside a hole, special
tools  could be employed for deburring. The deburring pro-
cess  is usually done manually because of the difﬁculties in
automation.
Moreover,  deburring operation increases the total manu-il.com (P. Shanmughasundaram).
time  [1]. Hence burr minimization requires major attention.
Various researchers [2,3] have analyzed the drilling parame-
ters  such as drill’s geometry, feed rate and cutting speed in
tion. Published by Elsevier Editora Ltda. 
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The drilling test was carried out on a vertical machin-
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he formation of exit burrs and have proposed burr formation
echanisms. Pande and Relekar [4] analyzed burr formation
n  terms of burr height and thickness by varying the cutting
peed  and feed rate. Ko and Lee [5] analyzed the effect of cut-
ing  conditions such as cutting velocity, feed rate and the drill’s
eometries  on accuracy of hole and burr formation. Dorn-
eld  and Guo [6] developed a three-dimensional ﬁnite element
odel  to predict and analyze the different stages in the for-
ation  of burr in drilling of 304 stainless steel. Min  et al. [7]
eported  that the work piece material, drill bit material and its
eometry, and feed rate are the major parameters that inﬂu-
nces  the burr size. Davim [8] studied the drilling of metal
atrix  composites to ﬁnd the effect of drilling parameters
n  tool wear, torque and surface ﬁnish using Taguchi tech-
ique.  Gaitonde et al. [9] studied the Taguchi methodology for
inimization of burr height and burr thickness inﬂuenced by
rill’s geometries and cutting parameters. Nihat Tosun [10]
ptimized  the drilling parameters for the surface roughness
nd  burr height using grey relational analysis. Several investi-
ations  have been carried out in order to simulate the drilling
urrs.  Gillespie and Blotter [11] developed an analytical model
hich  demonstrates the burr formation mechanisms, and the
odel  was  compared to experimental observations. Stein and
ornfeld  [12] reported that burr height and un-deformed chip
hickness  could be a fundamental property of work material
or  particular tool geometry in drilling operation.
Akhlaghi and Zare-Bidaki [13] have reported that during dry
liding,  Al alloy – graphite composite forms a layer of graphite
ith  solid lubricant between the contacting surfaces and this
mproves  the machinability. Songmene and Balazinski [14]
nalyzed  machinability on drilling and milling of Al–SiCp,
l–SiC–Gr and Al–Al2O3–Gr composites and concluded that the
ddition  of graphite particles enhances the machinability of
he  composite. Limited attempts have been made in the inves-
igation  of the formation of burr height of Al–Si alloy–graphite
omposite in step drilling.
Literature study [15,16] revealed that the burr formation
an  be minimized by choosing optimal drill’s geometries and
utting  parameters according to the work piece material. In
his  study, a step drill was  chosen to minimize the burr height.
n  case of step drill, two cutting stages have to be completed to
rill a hole. At ﬁrst, front cutting edge drills the work piece and
hen  the second cutting process starts at the step edge which
s  used to enlarge the pilot hole to ﬁnal size. Hence burr for-
ation  in the second cutting stage is determined by the step
ngle  and step size of the drill. Therefore, designing a step
rill  requires an optimal step angle and step size to minimize
he  burr. Therefore, the present work aimed to investigate
he  effect of parameters such as feed, spindle speed and step
rill’s  geometries (step angle, step size) on the exit burr forma-
ion  in drilling of Al–Gr composites using Taguchi and ANOVA
echniques. To study the inﬂuence of thrust forces on burr
eight,  force signals from dynamometer were also investi-
ated  through the data acquisition system.
.  Materials  and  fabrication  of  compositesutectic Al–Si alloy (Si-12.6, Fe-0.02, Al-rest by weight) was
sed  as the matrix material and graphite particles (50–125 m)Fig. 1 – SEM micrograph of the Al–7.5 wt.% Gr composite.
were used as the solid lubricant. Squeeze casting method was
employed  to fabricate the Al–Gr composites [17]. Al–Gr com-
posite  melt was  prepared by employing stir casting method
and  poured into the preheated (350 ◦C) mould cavity. Squeeze
pressure  of 50 MPa was  applied on the melt for 50 s through
the  preheated punch till solidiﬁcation was  completed. The
punch  was  withdrawn and the specimen was  removed from
the  mould assembly.
2.1.  Microstructure  analysis
The micrograph of Al–7.5 wt.% Gr composite in Fig. 1 showed
a  distribution of graphite particles. The dark phases observed
in  the micrograph are the graphite particles which are being
distributed  more  uniformly throughout the specimen.
The EDS of the surface of the composite specimen, which is
shown  in Fig. 2, indicates the presence of Al, Si and Fe from the
Al–Si  alloy matrix, whereas the existence of C peak conﬁrms
the  presence of the graphite in the composite.
3.  Drilling  processFull scale 2510 cts cursor: 0.000
0 5 10 15 20
keV
Fig. 2 – EDS spectrum of the Al–7.5 wt.% Gr composite.
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Fig. 3 – Dry drilling ex
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Fig. 4 – Schematic of Step drill.
Table 1 – Summary of experimental conditions.
Drill Multifaceted carbide: diameter 6 mm
Work piece materials Al–7.5 wt% Gr
Step  drill’s geometry
parameters
Point  angle −118◦ Step angle -
40◦,70◦,130◦ Step size (D − d)/2 –
0.5,  1,1.5 tions.  By studying the effect of individual parameters on the
results,  the combination of optimum parameters can be deter-
mined.  In the Taguchi method, the term ‘signal’ expressesCutting parameters Feed: 0.06, 0.08, 0.1 mm/rev
Spindle speed: 600, 852, 1100 rpm
composites were  selected as work piece material having a
size  of 50 mm × 40 mm × 25 mm.  A 6 mm diameter carbide step
(Fig.  4) drill was  employed. Summary of experimental condi-
tions  is presented in Table 1.The experiments were carried
out  as per L27 Taguchi orthogonal array. Parameters and levels
are  presented in Table 2. The exit burr height of each drilled
hole  was  measured by using a digital indicator (resolution of
Table 2 – Parameters and levels.
Code Parameters Levels
I II III
A Feed (mm/rev) 0.06 0.08 0.1
B Spindle speed (rpm) 600 852 1100
C Step angle 40◦ 70◦ 130◦
D Step size (mm) 0.5 1 1.5periment setup.
0.001 mm)  as shown in Fig. 5. The stylus was  swept slowly
towards the periphery of the drilled hole by moving the base
of  the dial indicator gauge on the surface plate. Burr height
readings were  taken at four positions spaced at 90◦ inter-
vals  around the circumference of the hole, and mean value
was  considered. Thrust forces were measured with a multi-
component dynamometer and force signals were  processed
through computerized data acquisition system.
4.  Taguchi  method
Taguchi’s parameter design provides a systematic and efﬁcient
methodology for determining optimum design parameters
which have an effect on the process and performance. The
Taguchi  method utilizes orthogonal arrays to study a large
number  of variables with a minimum number of conﬁgura-Fig. 5 – Height gauge with digital indicator (resolution of
0.001  mm).
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Table 3 – Measured exit burr height values of Al–Gr composites and S/N ratios.
Exp. no. Parameters Measured values Signal/noise ratio
Feed (mm/rev) Spindle speed (rpm) Step angle Step size(mm) Exit burr height (mm)
1 0.06 600  40 0.5 0.65 3.74173
2 0.06 600 70 1.0 0.52 5.67993
3 0.06 600 130 1.5 0.98 0.17548
4 0.06 852 40 1.0 0.56 5.03624
5 0.06 852 70 1.5 0.89 1.01220
6 0.06 852 130 0.5 1.26 −2.00741
7 0.06 1100 40 1.5 0.79 2.04746
8 0.06 1100 70 0.5 0.95 0.44553
9 0.06 1100 130 1.0 1.10 −0.82785
10 0.08 600 40 0.5 0.86 1.31003
11 0.08 600 70 1.0 0.78 2.15811
12 0.08 600 130 1.5 1.21 −1.65571
13 0.08 852 40 1.0 0.90 0.91515
14 0.08 852 70 1.5 1.25 −1.93820
15 0.08 852 130 0.5 1.30 −2.27887
16 0.08 1100 40 1.5 1.21 −1.65571
17 0.08 1100  70 0.5 1.36  −2.67078
18 0.08 1100  130 1.0 1.27 −2.07607
19 0.10 600 40 0.5 1.10 −0.82785
20 0.10 600 70 1.0 0.85 1.41162
21 0.10 600 130 1.5 1.36 −2.67078
22 0.10 852 40 1.0 0.93 0.63034
23 0.10 852 70 1.5 1.40 −2.92256
24 0.10 852 130 0.5 1.50 −3.52183
25 0.10 1100 40 1.5 1.30 −2.27887
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he desirable value (mean) and the term ‘noise’ expresses the
ndesirable  value (standard deviation) for the output qual-
ty  characteristics. The mean S/N ratio for each level is the
easure  of quality characteristics deviating from the desired
alue  and provides a measure of the impact of noise parame-
ers  on performance. Several types of S/N ratios are available
ased  on the characteristics. In this study, “smaller is better”
/N  ratio is used to predict the optimum parameters because
 smaller burr height was  desirable. Mathematical equation












here y is the observed data and n is the number of observa-
ions.
In  addition, analysis of variance (ANOVA) was  used to study
he  inﬂuence of the parameters on burr height.
Table 4 – Response table for signal to noise ratios (burr height).
Level Feed (mm/rev) Spindle speed (
I 1.70037 1.03584 
II −0.87689 −0.56388 
III −1.62764 −1.27613 
Delta 3.32801 2.31197 
Rank 1 4 1.0 1.23 −1.79810
5.  Results
The measured burr height values are presented in Table 3. The
ranking  of parameters is presented in Table 4.The statistical
analysis was  performed by ANOVA (Analysis of variance) for a
level of signiﬁcance of 5% (i.e., the level of conﬁdence 95%) to
study  the contribution of the parameters on the burr height.
In  the ANOVA analysis (Table 5), there is a P-value for each
independent parameter, which is used to test the signiﬁcance
of  each parameter and interaction among the parameters. A
lower P-value indicates a higher level of signiﬁcance. When
the  P-value is less than 0.05, the parameter can be considered
as  statistically higher level of signiﬁcance.5.1.  Multiple  linear  regression  model
A multiple linear regression equation was developed to estab-
lish  the correlation among the parameters on the response.
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Table 5 – ANOVA analysis.
Parameter Dof SS F-Value P-value Pc
A – feed (mm/rev) 2 0.660541 187.34 0.000 34.32
B – spindle speed (rpm) 2 0.306163 86.83 0.000 15.91
C – step angle 2 0.482007 136.70 0.000 25.05
D – step size (mm) 2 0.366852 104.04 0.000 19.06
A × B 4 0.017081 2.42 0.160 0.89
A × C 4 0.046504 6.59 0.022 2.42
A × D 4 0.034659 4.91 0.042 1.80
Error 6 0.010578 0.55
Total 26 1.924385 100
S: adDoF: degrees of freedom; Seq. SS: sequential sums of squares; Adj. M
The value of regression coefﬁcient R2 (0.9945) is in good agree-
ment  with the adjusted R2 (0.9762). The measured data were
not  scattered since the value of regression coefﬁcient for the
model  is 0.9945. Since both the coefﬁcients are reasonably
close to unity, models provide a reasonably good explanation
of  the relationship among the parameters and the response
(burr  height).
The  regression equation,
H = −0.390 + 9.25(A) + 0.000503(B) + 0.00357(C) + 0.0056(D)
(2)
where H: Exit burr height, A: feed, B: spindle speed, C: step
angle,  D: step size.
It  can be observed from Eq. (2) that the coefﬁcients associ-
ated  with feed (A), spindle speed (B), step angle (C) and step
size  (D) are positive. It indicates that the burr height increases
with  increasing feed, step angle, spindle speed and step size
(D).  Feed has a larger effect compared with other parameters
according to its coefﬁcient value.
5.2.  Conﬁrmation  experiments
The conﬁrmation experiments were  conducted as per the
parameters  which are given in Table 6. Results of the conﬁr-
mation  tests are presented in Table 7. Best results (minimum
burr  height) were found and comparison was  made with com-
puted  values developed from the regression model. It can be
observed that the experimental values and calculated values
Table 6 – Parameters used in the conﬁrmation test.
Test Feed (mm/rev) Spindle speed (r
I 0.07 750 
II 0.09 1000 
Table 7 – Results of conﬁrmation tests.
Material 
Test I 
Model equation Expt. Err
Al–Gr composite 0.78315 0.798 1.8justed sums of squares; Pc: percentage of contribution.
for burr height from the regression equation are nearly same
with  least error (±2%).
The resulting equations seem to be capable of predicting
the  burr height to the acceptable level of accuracy. However
if  the number of observations of performance characteristics
are  further increased, these errors can be reduced.
6.  Discussion
Ranking of parameters is presented in Table 4 which revealed
that  the feed is a dominant parameter in the burr height fol-
lowed  by step angle, step size and ﬁnally spindle speed. The
S/N  ratio response graph for exit burr height is shown in Fig. 6.
It  was  observed that the optimum parameters for exit burr
height  were  feed (0.1 mm/rev), speed (600 rpm), step angle (40◦)
and step size (1 mm).  The last column of Table 5 shows the
percentage contribution (Pc%) of each variable in the total vari-
ation indicating their degree of inﬂuence on the burr height of
the  composites. It shows that the feed was  the highest con-
tribution,  about 34%, followed by step angle (25%), step size
(19%)  and ﬁnally spindle speed (16%). It was observed that feed,
step  angle, step size and spindle speed have P-value less than
0.05,  which means that they are highly signiﬁcant at 95% con-
ﬁdence  level. Moreover the interaction effects of the feed with
step  angle (A × C) and feed with step size (A × D) are signiﬁcant
model terms that inﬂuence the burr height because they have
P-value  < 0.05.
It can be observed that the feed is the signiﬁcant parameter
inﬂuencing the burr height in drilling. Higher feed increases





or (%) Model equation Expt. Error (%)
9 1.2038 1.220 1.34
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Main effects plot for SN ratios
burr height (mm)
Data means
Spindle speed (rpm)Feed (mm/rev)
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she thrust force which enhances the plastic deformation,
esulting in a larger burr formation.
A measurement of thrust–time characteristics was taken
y  employing a computerized multi-component dynamome-
er.  In order to analyze the inﬂuence of feed on thrust force
nd  burr formation, an additional drilling test was conducted
n  the composite specimens by increasing the feed from
.06  mm/rev  to 0.1 mm/rev  without changing the other opti-
um  parameters (600 rpm, step angle 40◦, step size 1 mm).
hrust–time characteristics are presented as shown in Fig. 7(a)
nd  (b).
It  can be seen from Fig. 7(a) and (b) that thrust force signals,
hich  were  obtained during the drilling operation by front and
tep  cutting edges, are almost steady before the front edge of
he  drill passes the exit surface of the work piece. But when
he  front cutting edge surpasses the exit surface, thrust force
egins  to drop. Again, thrust force slightly increased when the
tep  cutting edge passed the exit surface of the work piece. It
as observed that uncut portion which is left at the exit of the
ork  piece during the front edge operation is to be cut by the
tep  edge which reduces the burr height.
It can be observed that the mean thrust increased from
30.77  N to 163.97 N when the feed was  increased from
.06  mm/rev  to 0.1 mm/rev  in drilling of Al–Gr composites.
Fig. 8 shows that burr height increased from 0.48 mm
o  0.80 mm when feed was  increased from 0.06 mm/rev  to
.1  mm/rev.  It can be concluded that at lower feed, the thrust
xperienced by the material is less and leads to reduced plastic
eformation  which minimizes the burr height.
Burr height values were  plotted with three different
pindle speeds (Fig. 9), keeping the other parameters, feed
0.06  mm/rev), step angle (40◦) and step size (1 mm),  as
onstants at their optimum values to ﬁnd the inﬂuence of
pindle  speed on burr height.
ANOVA results (Table 5) revealed that the inﬂuence of
pindle  speed does have physical and statistical signiﬁcance.Spindle  speed was  found to be signiﬁcant (15.91%) in burr
formation. Generally when spindle speed increases, heat gen-
eration  increases at the interface between the tool and work
piece.  It increases the plasticity of the Al alloy which increases
the  burr height.
The  effect of spindle speed on the burr height was exam-
ined  by increasing speed from 600 rpm to 1100 rpm, while
keeping  other parameters at their optimum levels. It can
be  seen from Fig. 9 that the burr height increases with
increasing spindle speed. The burr height increased by 42%
when  the spindle speed was  increased from 600 rpm to
1100  rpm.
The smaller step angle (40◦) was  found to be the opti-
mum  parameter in minimizing the burr height. This can be
attributed  to the fact that when the step edge passes the exit
side  of the work piece, the work material at the bottom side of
the  step edge remained rigid and the cutting operation con-
tinues  since it withstands the thrust force until the step edge
exited.  Hence only a thin section of material which is left dur-
ing  the operation is subjected to plastic deformation which in
turn minimizes the burr height.
Fig. 10 illustrates that the burr height is apparently to have
an  increasing trend with increase in step angle. The results
revealed  that the burr height increased by 25% when the step
angle  was  increased from 40◦ to 130◦ when drilled at the opti-
mum  cutting parameters.
It  was  found from main effects plot for S/N ratios (Fig. 6)
that  optimal step size (1 mm)  ensures the minimum burr
height.  In order to analyze the effect of step size on the burr
height,  burr height values were plotted with three different
step  sizes (Fig. 11). Burr height increased by 17% when the step
size  was  increased from 0.5 mm to 1.5 mm.  It can be demon-
strated  that a large step size shows a larger depth of cut,
whereas a smaller step size would make the rubbing action
instead  of cutting operation against the uncut portion of the
work  piece and leads to early initiation of the bending action
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Fz[N] cycle no.: 1 Mean = 130.77 Min = –37.63 Max = 296.02 Integral = 1845.93
Fz [N]





























–50 Cycle no.: 1Time [s]
2 4 6 8 10 12 14 16
Fz[N] cycle no.: 1 Mean = 163.97 Min = –15.99 Max = 319.46 Integral = 2385.8
Fig. 7 – (a) Thrust–time characteristics at 0.06 mm/rev,  600 rpm, step angle 40◦, step size 1 mm.  (b) Thrust–time














































mFig. 8 – Effect of feed on burr height. Fig. 9 – Effect of spindle speed on burr height.




































































eutectic  Al–Si alloy–graphite composites fabricated byFig. 11 – Effect of step size on burr height.
nd results in a large burr. Hence the intermediate step size
1  mm)  ensures the minimum burr height.
.  Conclusions
his paper has presented an application of L27 orthogonal
rray of Taguchi method and analysis of variance for inves-
igating  the effects of step drill’s geometries and cutting
arameters on the exit burr height in drilling of Al–Gr com-
osite.  Based on this study, the following conclusions have
een  summarized. The results of ANOVA revealed that feed,
tep  angle and step size were the most signiﬁcant parameters
ollowed by spindle speed in the exit burr height. It was  found
hat  the optimum parameters for minimum exit burr height
ere  feed (0.06 mm/rev), spindle speed (600 rpm), step angle
40◦) and step size (1 mm).
Feed  was  found to have a signiﬁcant inﬂuence on thrust
orce.  The results uniquely revealed that an increase in feed
ncreases  the thrust force and burr height. The best combi-
ation  values of optimum parameters were conﬁrmed with
he  veriﬁcation experiments. The closeness of the results of
redictions  based on calculated S/N ratios and experimental
alues shows that the Taguchi experimental design technique
an  be used successfully for both optimization and prediction.0 1 4;3(2):150–157  157
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